INTRODUCTION {#SEC1}
============

Diketo acid derivatives (DKAs) were the first selective and potent integrase (IN) inhibitors ([@B1]--[@B3]). These molecules preferentially inhibit the strand transfer (ST) reaction and, to a lesser extent, the 3′-processing (3′-P) activity of IN \[For a review on HIV-1 IN and its activities, see ([@B4],[@B5])\]. For this reason, DKAs have been referred to as integrase strand transfer inhibitors or INSTIs. Among this family of molecules, raltegravir (RAL, Merck & Co.) was the first IN inhibitor approved by the U.S. Food and Drug Administration (FDA) for the treatment of acquired immune deficiency syndrome (AIDS) ([@B6]). More recently, two additional INSTIs have been approved by the FDA: elvitegravir (EVG, Gilead Sciences) and dolutegravir (DTG, ViiV Healthcare) ([@B7],[@B8]). Crystal structures of the prototype foamy virus (PFV) IN nucleoprotein complexes (intasomes) have been solved showing the detailed organization of four IN PFV subunits and two viral DNA ends ([@B9]). PFV IN co-crystal structures bound to the INSTIs developed against HIV-1 IN show that INSTIs act as interfacial inhibitors, interacting simultaneously with IN, the viral DNA and the two active site cations \[reviewed in ([@B10])\].

Using recombinant enzymes and oligonucleotides mimicking the ends of the retroviral DNA, IN mutants have been extensively characterized and RAL resistance can be recapitulated with three primary mutants: Y143R, N155H and G140S-Q148H (SH) ([@B11]--[@B14]). PFV IN co-crystal structures showed that residue Y212 (equivalent to Y143 in HIV-1 IN) was the only amino acid directly in contact with RAL ([@B9]). The interaction between RAL and Y212 involves π--π stacking between the oxadiazole moiety of RAL and the tyrosine side chain of IN, which is critical for the tight binding of RAL in the IN catalytic site. The crystal structures also suggested that the N155H and SH mutations indirectly impact the binding of INSTIs in the intasome by altering the conformation of the IN active site ([@B15]).

EVG was the second INSTI approved by the FDA ([@B7],[@B8]). It is three to five time more potent than RAL both in its ability to inhibit the ST reaction in biochemical assays and HIV replication in cell-based assays ([@B12]). In a previous study, we compared EVG to RAL and showed that EVG retains potency against the RAL-specific mutant Y143R ([@B12]). However, the N155H and SH mutants, which emerge in patients treated with RAL, confer cross-resistance to EVG ([@B11],[@B12],[@B16]). Notably, the effect of these mutations on resistance is more profound in the case of EVG than RAL. Indeed, the SH mutant is ∼1000-fold resistant to EVG versus 150-fold for RAL ([@B12]). Relative to RAL, EVG also shows a higher selectivity for the ST reaction over 3′-P ([@B12],[@B17]). Several groups have developed new molecules with improved resistance profiles and some of the best compounds are effective 3′-P inhibitors ([@B18]--[@B21]). Based on this observation, we asked whether the 3′-P/ST selectivity of a drug could be linked to its ability to retain potency against the clinically important SH mutant.

DTG is the latest FDA-approved drug for clinical use, and because of its reduced resistance profile, it has been considered a second generation IN inhibitor. While DTG effectively inhibits the Y143R and N155H mutants, the SH double mutant still reduces DTG potency by about 5- to 6-fold ([@B22],[@B23]). Despite its enhanced potency and resistance profile, some patients are failing DTG therapy and IN resistance mutations can be selected *in vitro* at positions surrounding the active site ([@B24]). Until the present study, DTG had not yet been characterized for its ability to inhibit the 3′-P reaction and the reason for relatively broad efficacy against many of the common INST-resistant mutants is not clearly established.

Published PFV intasome crystal structures show that the active site conformations before and after 3′-P are quite similar ([@B25]). The binding of an INSTIs to the cleaved donor complex involves the displacement of the terminal nucleotide (−1 position, see Figure [1A](#F1){ref-type="fig"} for numbering convention) of the viral DNA from its normal binding in the IN active site ([@B9]). In contrast, the molecular mechanism by which INSTIs inhibit 3′-P (at higher drug concentrations) remains unknown.

![Differential 3′-processing of modified DNA substrates by the wild-type IN (WT) and the drug-resistant IN mutant G140S-Q148H (SH), and inhibition of 3-processing by raltegravir (RAL) and dolutegravir (DTG). (**A**) Schematic representation of the 21 base pair duplex oligonucleotide used as IN substrate. The canonical CAGT terminal sequence is numbered according to the 3′-P cleavage site (red arrow). Modified substrates have a tetrahydrofuran in place of a nucleobase at the locations, which is indicated by an underscore. 3′-P activity was monitored with the indicated substrates using WT (**B**) or the RAL-resistant SH mutant (**E**). Using the 120-min time point, the inhibition of 3′-P by increasing concentration of RAL or DTG for the various substrates was measured in reactions with WT IN (**C** and **D**) or the SH mutant (**F** and **G**). Fit curves and standard deviation (SD) were derived from at least 4 and up to 14 independent experiments. For comparison, the vertical blue dashed lines in panels C, D, F and G represent the IC~50~ value for RAL and DTG for ST inhibition (STI) for WT IN and the SH mutant.](gkw592fig1){#F1}

In the present study, we tested the effects of modified viral DNA substrates on the 3′-P reaction in the absence and presence of RAL and DTG to investigate the links between the molecular mechanisms involved in the 3′-P/ST selectivity of INSTIs and the effects of resistance mutations. We also investigated potential protein--nucleic acid interactions using our HIV-1 IN molecular model ([@B26],[@B27]) pointing to a previously unreported role for residue Q146 in viral DNA end recognition. Finally, we describe a correlation between the ability of INSTIs to overcome drug resistance and their potency in the 3′-P reaction.

MATERIALS AND METHODS {#SEC2}
=====================

Drugs {#SEC2-1}
-----

RAL, EVG and DTG were purchased from Selleck chemicals. Dihydro-1*H*-isoindole integrase inhibitors (XZ-89, XZ-90, XZ-115, XZ-116 and XZ-259) were prepared according to previous reports ([@B28]--[@B32]). Stock solutions (10 mM) were prepared in 100 % dimethyl sulfoxide (DMSO).

DNA substrate generation {#SEC2-2}
------------------------

Oligonucleotides 21t (GTGTGGAAAATCTCTAGCAGT), 21t-2AP-1 (GTGTGGAAAATCTCTAGC-2AP-GT), 21t-iG-1 (GTGTGGAAAATCTCTAGC-iG-GT), 21t-iG+1 (GTGTGGAAAATCTCTAGCA-iG-T), 21b (ACTGCTAGAGATTTTCCACAC), 21b-iC-1 (AC-iC-GCTAGAGATTTTCCACAC), 21b-iC+1 (A-iC-TGCTAGAGATTTTCCACAC) and 19t (GTGTGGAAAATCTCTAGCA) were purchased from Integrated DNA Technologies, Inc. (Coralville, IA, USA) and gel purified with electro-elution. Oligonucleotides harboring a tetrahydrofuran group in place of the nucleobase at position −1 (21Ab-1, GTGTGGAAAATCTCTAGC_GT), at position +1 (21Ab+1, GTGTGGAAAATCTCTAGCA_T), position +2 (21Ab+2, GTGTGGAAAATCTCTAGCAG\_) and in place of the last 2 bases (21-2Ab, GTGTGGAAAATCTCTAGCA\_\_) were purchased from Eurogentec with PAGE purification. 5'-Labeling was performed using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA, USA) with \[γ-^32^P\]-ATP (Perkin-Elmer Life and Analytical Sciences, Boston, MA, USA) according to the manufacturers' instructions. Unincorporated isotopes were removed using the Mini Quick spin oligo columns (Roche). Duplex substrates were obtained by annealing 'top' (21t or 19t) and 'bottom' (21b) oligonucleotides at equimolar ratio.

IN activity {#SEC2-3}
-----------

WT and mutant INs were purified and their enzymatic activities measured as previously reported ([@B11]). Briefly, enzymes were present in the reactions at a concentration of 400 nM and the substrate was present at 20 nM in the activity buffer which contained 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS) pH 7.2, 7.5 mM MgCl~2~, 14 mM 2-mercaptoethanol, any of the compounds in DMSO or DMSO to give a final concentration in DMSO of 10 %. 3′-P and ST reactions were performed at 37°C for 120 min unless otherwise indicated. Products were separated in denaturing 16% polyacrylamide sequencing gels, visualized using a Typhoon 8600 and analyzed using ImageQuant 5.1 (GE Healthcare, Piscataway, NJ, USA).

Data analysis {#SEC2-4}
-------------

Linear regressions, fit curves, IC~50~ determinations, standard deviations, standard error of the mean and statistical analyses (*P*-values) were generated using GraphPad Prism software 5.0c. Pearson and Spearman correlations were determined using the following equation: $$\documentclass[12pt]{minimal}
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Molecular modeling {#SEC2-5}
------------------

The full-length HIV-1 IN model used in these studies has been described previously ([@B26],[@B27]). To generate models of HIV-1 IN bound to frayed CA_T and C_GT DNA substrates, the atoms of the appropriate base were deleted from the model bound to the CAGT substrate, leaving the phosphor-sugar backbone intact. The resulting model was energy minimized using the AMBER99 forcefield and Born solvation ([@B33]). Following minimization, a sphere of explicit water molecules was generated with an 8 Å radius around the four terminal bases of the transferred DNA strand and subjected to another round of energy minimization. Molecular dynamics simulations were then run with 2.5 ns equilibration periods followed by 10 ns simulations. Active site structures at the end of the 10 ns simulation were used to generate the images shown in Figure [4](#F4){ref-type="fig"}.

RESULTS {#SEC3}
=======

Probing the interactions of the viral DNA ends with WT HIV-1 integrase {#SEC3-1}
----------------------------------------------------------------------

To determine the role of the three terminal bases of the viral DNA in the binding of RAL to the IN active site and 3′-P inhibition, we designed oligonucleotides with tetrahydrofuran substitution at these positions (Figure [1A](#F1){ref-type="fig"}). First, we compared the 3′-P activity of WT IN on a DNA substrate with the canonical CAGT sequence to the 3′-P activity on a substrate containing an abasic site at the −1 position relative to the cleavage site on the scissile strand (C_GT or 21Ab-1, Figure [1A](#F1){ref-type="fig"}). The conserved adenosine at the -1 position is known to be important for the activities of IN ([@B34]--[@B37]). Accordingly, 3′-P of this 21Ab-1 DNA was markedly reduced (Figure [1B](#F1){ref-type="fig"}).

Under conditions where RAL inhibited ST with an IC~50~ of about 30 nM ([@B11]), its IC~50~ for 3′-P was about 7 μM (Figure [1C](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). Notably, the ability of RAL to inhibit 3′-P of the 21Ab-1 substrate was enhanced by ∼50-fold relative to the normal substrate (Figure [1C](#F1){ref-type="fig"}). Under these conditions, RAL inhibited 3′-P in the 21Ab-1 substrate at about the same concentration as it inhibited ST with a normal pre-cleaved CA-OH substrate (IC~50~ 33 ± 7 nM and 34 ± 2 nM, respectively, Figure [1C](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). Similar results were obtained with DTG, the best *in-class* INSTI with considerable potency against several resistance mutants ([@B21],[@B23],[@B38],[@B39]). The introduction of an abasic site in the IN substrate also enhanced 3′-P inhibition by DTG with a resulting IC~50~ close to that obtained for the inhibition of ST (Figure [1D](#F1){ref-type="fig"}).

###### Potency of RAL against WT and SH mutant HIV-1 IN depends on the substrate used

  ---------------------
  ![](gkw592tbl1.jpg)
  ---------------------

Next, we investigated the role of the terminal GT dinucleotide of the viral DNA. Replacing both nucleotides with abasic sites (keeping the DNA backbone intact) did not significantly affect the 3′-P activity of WT IN (data not shown). However, 3′-P inhibition by RAL was greatly enhanced, with a shift in IC~50~ similar to the reduction seen with the 21Ab-1 substrate (Supplementary Figure S1). Next, we tested substrates with only one abasic site, either at the +1 (21Ab+1, penultimate position) or +2 position (21Ab+2, terminal position). While the ability of RAL to inhibit 3′-P with the 21Ab+2 substrate was similar to its ability to inhibit 3′-P with a normal substrate (CAGT, Supplementary Figure S1), removing only the +1 base from the substrate recapitulated the effects seen with the 21Ab-1 substrate.

When the +1 base was absent (21Ab+1 substrate; Figure [1A](#F1){ref-type="fig"}), IN catalyzed 3′-P with reduced kinetics and efficiency compared to the normal substrate (Figure [1B](#F1){ref-type="fig"}). Also, the ability of RAL to inhibit 3′-P was enhanced ∼30-fold with the 21Ab+1 substrate compared to the normal substrate (Figure [1C](#F1){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). Similar results were obtained with DTG. DTG inhibited 3′-P by WT IN with an IC~50~ of 1.64 μM ± 0.11 (Figure [1D](#F1){ref-type="fig"}). By contrast, using the modified substrates missing the +1 base (Figure [1D](#F1){ref-type="fig"}), the 3′-P inhibition by DTG was also enhanced and the observed IC~50~ values were close to the IC~50~ of DTG for ST (Figure [1D](#F1){ref-type="fig"}). Together, these results suggest that both the canonical A-1 and the penultimate G+1 play a critical role in stabilizing the DNA in the IN active site for 3′-P. Furthermore, removing either of these two bases allows more potent inhibition of 3′-P by INSTIs.

Abasic substrates differentially affect the 3′-P activity of the G140S-Q148H (SH) IN mutant and RAL resistance {#SEC3-2}
--------------------------------------------------------------------------------------------------------------

Different 3′-P activity and inhibition profiles were observed when the modified DNA substrates described above were used in assays preformed with the SH mutant. With the canonical CAGT substrate, the 3′-P activity of the SH mutant was markedly slower and less effective than the 3′-P activity of WT IN (Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}), which is consistent with prior studies ([@B11],[@B14]). Yet, removing either the −1 or +1 base of the viral DNA tended to restore 3′-P activity (Figure [1E](#F1){ref-type="fig"}).

In addition, removing either base dramatically decreased RAL inhibition of 3′-P reaction catalyzed by the SH mutant compared to the normal DNA substrate (Figure [1F](#F1){ref-type="fig"}). Similarly, removing either the −1 or +1 base of the viral DNA increased the IC~50~ values for DTG for 3′-P carried out by the SH mutant by about 100-fold (Figure [1G](#F1){ref-type="fig"}). These results suggest that the SH mutant alters both the DNA--protein and the drug-complex interactions in the active site.

Role of the 2-amino group of the penultimate G of the viral DNA end {#SEC3-3}
-------------------------------------------------------------------

To further examine the structural constraints on the G+1 base of the viral scissile DNA strand, we tested the 3′-P activity of WT and SH mutant integrases after replacing the G+1 guanine with one of the following non-natural bases: inosine, isoguanine or 5-nitroindole (Figure [2A](#F2){ref-type="fig"}). None of these modifications markedly affected the 3′-P activity of the WT enzyme (Figure [2B](#F2){ref-type="fig"}). However, those alterations caused a marked increase in RAL potency (Figure [2C](#F2){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}) with a shift from an IC~50~ of 7300 ± 700 nM for the inhibition of 3′-P with the normal CAGT substrate to 237 ± 62, 204 ± 61 and 98 ± 25 nM for the inosine-, 5-nitroindole- and isoguanine-containing substrates, respectively. These IC~50~ values are comparable to the IC~50~ of RAL for the inhibition of ST (vertical dashed blue line in Figure [2C](#F2){ref-type="fig"}). Similar results were obtained with DTG (Figure [2D](#F2){ref-type="fig"}). Given that the common structural change for those modified bases is the absence of the exocyclic NH~2~ substituent (2-amino group), these results suggest that the guanine amine N2 residue reduces the binding of INSTIs for the 3′-P reaction.

![Effect of +1 nucleobase modifications on IN activity and RAL inhibition. (**A**) Chemical structure of the modified bases tested. Inosine (dI) and isoguanine (iG) lack the 2-amino group of the guanine base (dG) and iG has flipped substitutions at positions 2 and 6 compared to dG. 5-NitroIndole (5NI) has a nitro substitution at position 5. Time course experiments were used to monitor the 3′-P activity of WT IN (**B**) or of the SH mutant (**D**) with the indicated substrates. Using the 120-min time point, inhibition of 3′-P by RAL was determined with the indicated substrates for WT IN (**C**) and the SH mutant (**E**). Fit curves and SD were derived from three to five independent experiments. For comparison, the vertical dashed vertical lines represent the IC~50~ value for RAL and DTG for ST inhibition (STI) for WT IN and the SH mutant.](gkw592fig2){#F2}

The G+1 base modifications markedly decreased the 3′-P activity of the SH mutant (Figure [2E](#F2){ref-type="fig"}). However, these substrates increased the ability of RAL to inhibit 3′-P (Figure [2F](#F2){ref-type="fig"}), consistent with the results obtained with WT IN (Figure [2C](#F2){ref-type="fig"}). The observed IC~50~ values were 2.93 ± 0.47, 1.4 ± 0.3 and 0.25 ± 0.05 μM for the inosine-, 5-nitroindole- and isoguanine-containing substrates, respectively (Figure [2F](#F2){ref-type="fig"} and Table [1](#tbl1){ref-type="table"}). This trend was also observed with DTG; 3′-P inhibition was enhanced both in the context of WT IN or the SH mutant (Figure [2D](#F2){ref-type="fig"} and [G](#F2){ref-type="fig"}). Together, these results indicate that removing the 2-amino group at the G+1 position of the scissile strand alters a significant contact between DNA and IN, and that this contact is conserved between the WT enzyme and the SH mutant.

Possible role of Mg^2+^ ions in altered 3′-P activity {#SEC3-4}
-----------------------------------------------------

Using our HIV-1 homology model ([@B26],[@B27]), we examined the interactions of the WT and SH mutant active sites with the abasic DNA substrates 21Ab-1 and 21Ab+1 (Figure [3](#F3){ref-type="fig"}). In the context of the WT enzyme, removing either the A-1 (cyan) or G+1 (pink) bases induced a marked shift in the position of the Mg^2+^ ions with displacements of cation B by 2.5 Å and 0.8 Å, respectively. These displacements are in agreement with the observed reduction in IN activity (see Figure [1B](#F1){ref-type="fig"}). Comparing models of the WT and SH integrases in the presence of the native substrate (green and gray, respectively) also highlighted a conformational change in the active site with a shift of 1.6 Å for the Mg^2+^ ion B. However, removing the A-1 or G+1 base in the model of the SH mutant (blue and orange, respectively) placed the Mg^2+^ ions closer to their position in the model of WT IN with the canonical CAGT substrate (green, Figure [3](#F3){ref-type="fig"}). Removing the G+1 base in the mutant model generated an active site that was structurally the closest to a WT active site with the normal (WT) DNA bound; the shift of the Mg^2+^ ion B was only 0.8 Å. Notably, this combination also showed a level of biochemical activity that was closest to WT IN with the canonical substrate (Figure [1E](#F1){ref-type="fig"} and [F](#F1){ref-type="fig"}).

![Modeling of the WT and G140S-Q148H (SH) IN active sites in complexes with the modified substrates. Models were generated for the WT and SH mutant intasomes carrying the native viral DNA sequence CAGT or the −1/+1 abasic derivatives. The positions of the two catalytic amino acids D64 and E152 are shown as sticks, and the positions of the two magnesium ions by spheres. Color coding and cation displacements (Mg B Shift, Å) compared to WT are tabulated.](gkw592fig3){#F3}

Interaction of IN residue Q146 with the viral DNA end {#SEC3-5}
-----------------------------------------------------

Earlier studies showed that the RAL-resistant mutant Q148H and the double mutant G140S-Q148H (SH mutant), in which the amino acids that are changed flank the flexible loop of IN, both exhibit an impaired catalytic activity and have a kinetic defect ([@B11],[@B14]). As expected, there were differences in the 3′-P activity between the WT and the SH mutant enzymes (see Figure [1B](#F1){ref-type="fig"} and [E](#F1){ref-type="fig"}). Using the canonical substrate (CAGT), WT activity was biphasic (Figure [1B](#F1){ref-type="fig"}). This could be explained by either: (i) a slow IN--DNA complex formation and/or (ii) a slow step involving DNA end fraying. Under the same conditions, the SH mutant was slower in both the first and second phases of the reaction (Figure [1E](#F1){ref-type="fig"}). However, the SH mutant was significantly more efficient at processing the modified 21Ab+1 and 21Ab-1 substrates compared to the canonical substrate, and the initial step was reduced (Figure [1E](#F1){ref-type="fig"}). The absence of a nucleobase would destabilize the end of the double helix, making it easier to open the end of the viral DNA substrate, which would allow the SH mutant to regain some activity. Thus, it is plausible that the limiting step in the catalysis of 3′-P by the SH double mutant could be the opening of the ends of the viral DNA.

To better understand this phenomenon, we used *in silico* approaches to model the interactions between the WT and the SH mutated catalytic core domains with double-stranded viral DNA ends derived from the NMR structure of the terminal 17 base pairs of the HIV LTR DNA (PDB ID: 1TQR, Figure [4](#F4){ref-type="fig"}) ([@B40]). This model incorporated several contacts between the flexible loop (residues 140--149) and the end of the viral DNA. The model shows that the side chain of residue Q146 is near the G:C base pair at the position +1 (Figure [4](#F4){ref-type="fig"}). Molecular dynamics simulations were run using the WT and SH mutant models with 2.5 ns equilibration times followed by 10 ns simulations. The distances between the nitrogen and oxygen atoms involved in base pairing were monitored throughout the simulations (hydrogen atoms were not monitored because of the rotation of NH~2~ groups). In both the WT and SH models, the side chain of residue Q146 was close enough to potentially form hydrogen bonds with the DNA, either with the exocyclic carbonyl moiety of the C+1 or with the carbonyl at the 2-position of the T-1 bases of the non-cleaved strand (Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). At the end of the equilibration (2.5 ns), there were differences in the positioning of the side chain of residue Q146 in the WT and the mutant active sites. Q146 was about 5.6 Å from the G+1 base of the cleaved strand in the WT model (Figure [4B](#F4){ref-type="fig"}), while the same residue was only 3.1 Å away in the SH mutant model (Figure [4C](#F4){ref-type="fig"}). This enabled a potential H-bond between the carboxamide moiety of the Q146 side chain and the 2-amino group of the penultimate G+1 base of the cleaved strand (Figure [4C](#F4){ref-type="fig"}). These results suggest that residue Q146 interacts with the viral DNA end during 3′-P.

![Molecular model of the interaction of the HIV IN monomer with viral DNA. (**A**) Overall shape of an IN monomer interacting with the double-stranded DNA corresponding to the full-length viral DNA after reverse transcription and prior to ST (substrate for 3′-P). The catalytic core of IN is represented as gray surface. The catalytic amino acid triad DDE is colored as red sticks. Residue Q146 is colored as gray sticks. The two catalytic Mg^2+^ are shown as green spheres and the water molecules are presented as red balls. The viral DNA is shown with a ribbon backbone, with the bases shown as sticks. The strand cleaved during 3′-P is colored in yellow and its complementary strand in cyan. The dashed rectangle corresponds to the region highlighted in the close-up views of the active site of WT IN (**B**) and of the SH mutant (**C**). The DNA backbones are represented as ribbon with the −1 and +1 bases shown as sticks and balls colored according to their constituent elements. IN is represented as gray cartoon with residue Q146 shown as gray sticks and balls. Interatomic distances (in Å) between the Q146 side chain amine and oxy-substituent and the surrounding nucleobases are shown in green.](gkw592fig4){#F4}

Role of residue Q146 in HIV IN catalysis of 3′-P {#SEC3-6}
------------------------------------------------

To investigate the role of residue Q146, we generated four mutants at this position: Q146A, Q146E, Q146T and Q146K. First, we evaluated these mutants for their ability to affect the fraying of the viral DNA ends using a FRET assay ([@B41],[@B42]). However, we did not observe any significant difference in FRET efficiency between WT and the mutant INs at various IN/DNA ratios (Supplementary Figure S2).

Next, the 3′-P and ST catalytic activities of the Q146A, E, T and K IN mutants were tested using the full-length canonical duplex 21 bp substrate (Figure [5A](#F5){ref-type="fig"}). In addition, we tested those mutants with the pre-cleaved 19/21 bp substrate to measure ST only (Figure [5B](#F5){ref-type="fig"}). The catalytic activities of all of the mutants were reduced, except Q146K which had 3′-P and ST levels similar to WT IN (Figure [5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}). The mutation from Q to E, which results in the replacement of a carboxamide by a carboxylic group on the side chain, led to a 2-fold reduction in 3′-P (Figure [5A](#F5){ref-type="fig"}). The most deleterious mutation for 3′-P activity was Q146A (Figure [5A](#F5){ref-type="fig"}). The fact that the Q146K mutant had full catalytic activity could be explained by the fact that the flexible amino side chain of the lysine residue can probably still interact with the T-1 and C+1 of the non-cleaved strand (Figure [4](#F4){ref-type="fig"}). Taken together, these results suggest that the NH~2~ group of the Q146 side chain interacts with the bases at the end of the viral DNA.

![3′-Processing and strand transfer (ST) activity of the HIV IN WT and Q146A, Q146E, Q146T and Q146K mutants. (**A**) 3′-Processing of the canonical 21 bp substrate by the WT, Q146A, Q146E, Q146T and Q146K IN mutants. Percent substrate conversion versus enzyme concentration is quantified at left; WT IN is plotted as dotted gray line. A representative experiment is shown on the right. (**B**) ST activity of the WT, Q146A, Q146E, Q146T and Q146K IN mutants with the precleaved 19/21 bp substrate. Percent substrate conversion versus enzyme concentration is shown on the left; WT IN is plotted as dotted gray line. A representative experiment is shown on the right.](gkw592fig5){#F5}

3′-P/ST selectivity of INSTIs is correlated with their potency against the SH resistant mutant {#SEC3-7}
----------------------------------------------------------------------------------------------

We recently developed a series of INSTIs based on the dihydro-1*H*-isoindole scaffold. These compounds exhibited a range of activity against WT IN and the three main RAL resistance mutants ([@B28]--[@B32]). Among the five compounds shown in Figure [6](#F6){ref-type="fig"}, those with the highest selectivity for ST over 3′-P were also the most susceptible to the SH and N155H mutants (Figures [6](#F6){ref-type="fig"} and Supplementary Figure S3) ([@B30]). XZ-259, which was the most potent ST inhibitor against WT IN with an IC~50~ of 77 nM ([@B30]) had a selectivity index (SI) for 3′-P/ST of 112 was also the most susceptible to the SH double-mutant with a 57-fold increase in IC~50~. In contrast, XZ-115, which is less selective for ST (SI of 32) had the lowest fold increase in IC~50~ for ST (\<9-fold in the context of the SH mutant). Figure [6](#F6){ref-type="fig"} summarizes the relationship between SI and the relative activity toward the SH mutant for our 5 inhibitors (XZ-89, XZ-90, XZ-115, XZ-116 and XZ-259) and for RAL and EVG. Both parameters were significantly correlated with a Spearman coefficient of 0.98 and a Pearson coefficient \>0.9995 (*P*-values \< 0.0001).

![Correlation between the selectivity of different INSTIs for ST over 3′-P and the change in susceptibility induced by the SH resistance mutant. The selectivity index was calculated as the IC~50~ for 3′-P for each compound divided by the corresponding IC~50~ for ST in the context of WT IN. Change in susceptibility was calculated as the IC~50~ for ST for each compound in the context of the SH mutant divided by the corresponding IC~50~ in the context of WT IN. Linear regression and statistical analyses including *P*-values and Pearson correlation (r) are indicated.](gkw592fig6){#F6}

Our present data showing that DTG is one of the most potent 3′-P inhibitor among the 3 clinical INSTIs, with an IC~50~ of 1.6 μM toward WT IN (Figure [1](#F1){ref-type="fig"}), strengthen the correlation (Figure [6](#F6){ref-type="fig"}). As DTG also inhibited ST with an IC~50~ of 33 nM ([@B38]), its SI was 50. This is substantially lower than RAL and EVG, which have SIs of 430 and 2600, respectively. Thus, the correlation presented in Figure [6](#F6){ref-type="fig"} is consistent with the fact that DTG retains potency against the RAL-resistant SH mutant ([@B2],[@B23],[@B27]).

We also tested the ST selectivity and resistance index relationships for the N155H mutant. As for the SH mutant, the correlation was significant with a Pearson correlation of 0.96 and a *P*-value of 0.0005 (Supplementary Figure S3). No correlation was found for the Y143R mutant (Supplementary Figure S4). Together, these results reveal a significant correlation between the relative activity of a drug as a 3′-P inhibitor and its ability to overcome resistance to the SH mutant, and to a lesser extent, to the N155H mutant. The lack of correlation for the Y143R mutant is consistent with the specific interaction of this residue with RAL but not with the other INSTIs ([@B6]). These results imply a relationship between the structural changes resulting from the SH mutations and the ability of drugs to bind to the 3′-P site of IN. They also suggest that 3′-P inhibition is an indicator of the ability of compounds to retain efficacy against the SH (and N155H) mutants.

DISCUSSION {#SEC4}
==========

Biochemical studies using recombinant IN and various DNA oligonucleotide substrates have established that IN recognizes the conserved CA dinucleotide (−2 and −1 positions, see Figure [1A](#F1){ref-type="fig"}) located near the 3′-end of the viral DNA for 3′-P ([@B34],[@B35],[@B37],[@B43]--[@B46]). Here, we performed biochemical experiments and molecular modeling with the WT and the double-mutant (G140S-Q148H \[SH\]) that causes significant resistance to RAL and EVG and to a lesser extent to DTG ([@B2],[@B11],[@B12],[@B22],[@B26]). Viral DNA substrates with modifications at positions +1 and −1 were tested to probe the 3′-P activity of WT and SH IN enzymes in the absence and presence of RAL and DTG.

Our results highlight the critical role of the +1 and −1 bases for optimum 3′-P activity of WT and SH mutant IN enzymes. In the case of the WT IN, removing either of these two bases flanking the 3′-P site (positions +1 and −1) markedly reduced 3′-P while enabling RAL and DTG to inhibit 3′-P almost as efficiently as ST. An important difference between the SH and the WT enzymes, with respect to the viral DNA interactions (Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}) is our finding that the +1 guanine base (immediately 3′ from the conserved CA; see Figure [1A](#F1){ref-type="fig"}) is critical for optimum 3′-P activity in the case of the WT IN ([@B34],[@B45],[@B46]). By contrast removing this +1 guanine enables the SH mutant to regain 3′-P activity. Based on our biochemical and molecular modeling analyses, we propose that the distorted active site of the SH mutant appears able to accommodate a nucleobase at position +1 only when an amine is present at position 2 of the purine ring system (as in the guanine that is present in the normal viral DNA substrates; see Figure [2](#F2){ref-type="fig"}). The crucial role of the exocyclic amine of the G+1 base is consistent with the mechanism of the RNase P. In this system, the presence of the G+1 is not essential but participates in the correct positioning of the cleavage site and improves the efficiency of catalysis ([@B47]). This exocyclic amino group was important for both the WT and SH enzymes. Therefore, we surmise that the Q146 residue in the flexible loop of HIV-1 IN (140--149) plays an important role in positioning the viral DNA end.

Residue Q146 is among the most conserved amino acid residues of HIV-1 integrase; it is also conserved in all other retroviruses except for deltaretroviruses. In the PFV IN crystal structures, residue Q215 was shown to displace the +1 base of the pre-cleaved viral DNA substrate ([@B9]). However, there were no data, either structural or biochemical, regarding the status of the complex before end fraying. We propose that glutamine (Q146 for HIV-1 IN) has a critical role in binding and positioning the double-stranded end(s) of the viral DNA. Our molecular modeling simulations highlight a potential interaction of Q146 (through its amine substituent) with the carbonyl located at position 2 of the pyrimidine ring on the non-reactive +1 and/or −1 bases. This is compatible with the presence of either a cytosine or a thymidine at position +1 of the non-reactive DNA strand, allowing the following two combinations for the cleaved strand: CAGT (e.g. HIV), CAAT (e.g. PFV). Deltaretroviruses possess a threonine in place of this conserved glutamine, thus lacking an amine substituent. The sequence of the corresponding viral DNA substrate is CAGT for HTLV-I and CAAG for HTLV-II. Accordingly, the hydroxyl group present on the side chain of threonine could play a similar role in opening the viral DNA at with the −1 positions through the exocyclic amine of the A-1 and A/G+1 bases of the cleaved strand. This hypothesis is supported by the observation that the HIV-1 IN mutant Q146E has reduced 3′P activity (Figure [5](#F5){ref-type="fig"}). From the structural data obtained with the PFV intasome, it has been proposed that the SH double-mutation in HIV-1 IN alters the active site conformation to one that is less favorable for binding the available drugs ([@B15]). Based on the data presented here, we propose that the active site of the SH mutant constrains the full-length viral DNA in a more stable conformation, but one which is suboptimal for cleavage during 3′-P (i.e. there is a loss of activity compared to WT protein). In this model, the 21Ab-1 and 21Ab+1 substrates would destabilize the double helical character of the viral DNA end, which would allow more efficient 3′-P compared to the canonical substrate.

This proposal is consistent with our predictions for the WT and SH mutant active sites after 3′-P ([@B27]). We predicted that the 3′ hydroxyl at the end of the viral DNA (CA-OH) was more tightly bound to the magnesium ion (Mg^2+^ B) in the context of the SH mutant as compared to the WT. In such a case, it would appear that the INSTI-resistant SH mutant has an enhanced affinity for the 3′-end of the viral DNA both before and after 3′-P, compared to WT. While a recent study by Hightower *et al*. showed that the dissociative half-life (*t*~1/2~) of INSTIs from the IN active site was decreased by RAL resistant mutants ([@B22]), our data indicate that resistance to INSTIs could also arise from a decrease in accessibility of the active site, thus increasing the on-rate constant *k*~on~. Thus, we propose that resistance to INSTIs might result from a combination of an increased stability of the viral DNA end when the viral DNA is bound to IN, coupled with a reduced ability of the distorted active site to process its substrate, both of which could help to reduce the ability of the drug to bind.

Among the three clinically approved INSTIs, DTG is the best in class in terms of the development of resistance in patients ([@B2]). Hightower *et al*. showed that DTG was bound to the WT HIV-1 intasome was 8- and 26-fold longer than RAL and EVG, respectively ([@B22]). However, this measurement cannot be used in the screening of a large number of compounds. Most of the compounds that have been tested for their potency in a ST assay have also been tested for their ability to inhibit 3′-P. Because we demonstrated a clear correlation between the 3′-P potency and the ability of compounds to retain potency against RAL-associated resistant mutants (Figure [6](#F6){ref-type="fig"} and Supplementary Figure S3), we propose that evaluation of 3′-P inhibition could be used as a surrogate for the potential activity of drugs against resistant mutants. This parameter could be used to identify compounds exhibiting high potency for inhibition of both 3′-P and ST (i.e. reduced 3′-P/ST selectivity), such as DTG.

In conclusion, our study sheds light on aspects of the 3′-P reaction, the first step of the integration process, for WT and SH-mutant IN enzymes. It suggests that HIV-1 IN recognizes its substrate through specific interactions involving the Q146 residue and the penultimate G of the conserved CAGT sequence at the end of the viral DNA.
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